Background. Coronary atherosclerosis has been demonstrated in young adults by postmortem pathology. Angiographic evaluation of coronary disease in young adults is limited by ethical issues and the insensitivity of angiography for detecting early pathology. Catheter-based intracoronary ultrasound has proven useful both in detecting and quantitating coronary disease, but the ultrasound appearance of young, angiographically normal, coronary arteries has not been well defined.
U nderstanding the natural history and pathogenesis of atherosclerosis has progressed significantly since the landmark necropsy report of substantial coronary disease in young American soldiers killed during the Korean War.' Subsequent autopsy studies correlated the presence of coronary artery plaques and coronary intimal thickening with the age of the individual and suspected atherogenic risk factors and confirmed that atherosclerotic changes are often present at an early age. 2 Selective contrast coronary arteriography currently is considered the most sensitive and specific clinically applicable technique for anatomic detection of atherosclerosis. Although quantitative arteriography provides precise lumen measurements, it has been challenged by studies demonstrating the underestimation of atheroma severity inherent in an imaging method, which provides only a longitudinal silhouette of the vessel lumen. [3] [4] [5] Intracoronary ultrasound is a new technique for real-time two-dimensional visualization of coronary arteries. A miniaturized ultrasound transducer mounted on the tip of a catheter delineates vessel wall thickness and morphology and provides measurements of lumen dimensions. [6] [7] [8] Recent studies using in vitro and in vivo human vessels have shown good correlations with pathology and angiographic studies. [9] [10] [11] [12] [13] [14] [15] In vivo intracoronary ultrasound studies to date have been performed in patients undergoing arteriography for suspected or proven coronary artery disease, but the use of this group to determine the ultrasound appearance of a normal coronary artery is not valid. Therefore, it is important to define the appearance of normal coronary arteries in hearts not suspect for atherosclerosis. New cardiac transplant recipients present a unique group in which it is possible to image coronary arteries of young donor hearts, therefore overcoming ethical problems of imaging coronary arteries in normal young people.
In this article, we present in vivo intracoronary ultrasound studies performed in recent cardiac transplant recipients with young donor hearts and angiographically normal coronary arteries. 
Methods

Patients
Twenty-five consecutive cardiac recipients were studied with intracoronary ultrasound during a routine baseline angiogram performed immediately before or shortly after the first posttransplantation hospital discharge (mean time from transplant, 24±13 days) as part of an investigation of accelerated graft coronary disease in cardiac transplant patients. 16 The recipient study population included 20 men and five women with a mean age of 48±9 years. The mean age of the donor hearts was 28±8 years (20 men, five women). Information about donor hearts was obtained by reviewing medical charts and data provided by the transplant registry. Clinical data are shown in Table 1 . The donors were young and died of unanticipated causes. Risk factor data obtained for all donors included family history of early coronary disease, history of tobacco use, diabetes mellitus, or hypertension, as well as perioperative ischemic time and histological evidence of cardiac rejection at the time of the ultrasound study. No information was available on donor serum lipid status. All participants gave informed consent to the protocol approved by the Committee for the Protection of Human Subjects in Research at Stanford University Medical Center.
Ultrasound Imaging Procedure
Intracoronary imaging is provided by a high-frequency 30-MHz ultrasound transducer enclosed within an acoustic housing on the tip of a 5F (1.7 mm) flexible 135-cm-long catheter (CVIS Inc., Sunnyvale, Calif.). The ultrasound beam is reflected against an angulated mirror rotating at 1,800 revolutions per minute, which creates a 360°imaging plane perpendicular to the catheter (Figure 1 ). A flexible drive cable through the length of the catheter is connected to a motor at the distal end, which drives the mirror. At focal depth, axial resolution of the image is 150 gm and lateral resolution is 200 ,gm. The radius of penetration is approximately 5 mm. Images are acquired at 30 frames per second and recorded on 0.5-in. videotape for subsequent off-line analysis. The imaging catheter has a lumen that accommodates an 0.014-in. coronary guidewire, which exits the catheter centrally, distal to the transducer via a flexible tapered tip. This allows for manipulation of the ultrasound catheter in a coronary artery in a fashion similar to coronary balloon angioplasty systems.
After anticoagulation with 10,000 units heparin i.v. and nitroglycerin 0.4 mg s.l., a complete coronary angiography study was performed using multiple orthogonal views. Subjects were then scanned, using fluoroscopic guidance, with the ultrasound catheter from the ostium of the left main coronary artery to the mid portion of the left anterior descending coronary artery (LAD), avoiding vessel segments less than 2 mm in diameter. Six subjects also had their circumflex artery imaged, and in four subjects the right coronary artery also was examined. Besides continual scanning of the vessel, four distinct LAD locations per patient were determined for precise ultrasound measurements. These sites were determined angiographically and were separated by at least 1 cm but less than 2 cm. Measurement sites were selected where the lumen was circular, thus avoiding areas of vessel bifurcations and side branches. Image quality was consistently good in vessels larger than 2 mm in diameter, and therefore this was not a factor in site selection.
Ultrasound Analysis
Ultrasound images were digitized onto a 512x512x8 bit matrix in 34-frame sequences, obtained at 30 frames per second, by an image-processing computer (Dextra Medical Inc., Lakewood, Calif.) dedicated to echocardiographic analysis. All patients had resting heart rates above 60 beats per minute (mean, 84+ 11 beats per minute), and thus at least one cardiac cycle was digitized. The largest lumen from the digitized cardiac cycle was obtained for analysis. Measurements were per-formed by two investigators (F.S.G. and F.J.P.). The lumen/vessel wall interface was traced by planimetry, and when visible, the external border of the intimal layer, the intimal/media interface, was also planimetered. This allowed calculation of an index of intimal thickening, which is defined as the intimal area divided by the intima plus the lumen area (i.e., relative intima area) ( Figure 2 ). All real-time images were reviewed for areas of significant focal intimal thickening (defined as >500 jm) as well as for discrete echodense calcium or fibrosis. Coronary angiograms were examined for evidence of coronary artery disease by an investigator (E.L.A.) blinded to the ultrasound data.
Interobserver and Intraobserver Variability
Five patients (19 sites) were selected randomly and measured by one observer at two separate times and once by a second observer. These measurements then were used to evaluate intraobserver and interobserver variability. These were expressed as a linear regression between the two observations and as a percent error, which was derived as the absolute difference between observations. 17 
Pathology
Two subjects died from systemic sepsis 34 and 37 days after their ultrasound studies. Their deaths were in no way related to their angiographic or ultrasound studies. The three major epicardial coronary arteries and their largest branches were dissected intact from these two allografts. The arteries were not perfusion fixed. The vessels were scanned for gross evidence of early atherosclerosis, and selected arterial segments from each heart were processed routinely for light microscopy. Tissue sections cut at 4-gm thickness were stained with hematoxylin and eosin and elastic van Gieson stains. Representative sections from the LAD where the ultrasound study was performed were examined with a light microscope fitted with a calibrated eyepiece scale. The mean thickness of the intima was determined by taking an average of six radial measurements around the vessel circumference. The ultrasound images from the corresponding sites were quantitated in a similar fashion by taking the mean of six radial measurements of intimal thickness.
Right ventricular endomyocardial biopsies were performed at the time of each ultrasound study. At least four specimens of right ventricular tissue were obtained from each patient and graded for myocardial rejection according to the Billingham criteria.'8
Results
High resolution ultrasound images were obtained without complications in all 25 subjects. In 10 of the patients, the vessel wall had a completely homogeneous appearance on the ultrasound image throughout the examined area. The lumen/wall acoustic interface defined the luminal edge of the vessel, but neither the components of the wall nor the elastic laminae could be appreciated. The mean donor age of these patients was 20 years. All donors under the age of 25 years had a homogenous nonlayered vessel wall as demonstrated by ultrasound. In the other 15 studies (mean donor age, 32 years), a three-layered appearance was discernible in areas of the vessel wall corresponding to the intima, a homogenous hypoechoic media, and a more echogenic adventitia. Mean intimal indexes of the four LAD sites are shown in Table 1 . The mean intimal index in the 15 patients with a visible intima was 0.16+0.07.
In five subjects, areas of markedly eccentric intimal thickening greater than 500 gm were noted in the LAD.
The circumflex and right coronary arteries were also imaged in three of these patients. Intracoronary ultrasound demonstrated multiple areas of discrete intimal thickening and increased echodensity in each of the vessels examined. Four of the hearts with focal ultrasound abnormalities came from male donors aged 29, 33, 38, and 43 years and who each had risk factors for early coronary artery disease; one had hypertension and the other three were heavy smokers. The fifth heart with focal thickening came from a 30-year-old woman with poorly controlled hypertension and a history of signifi- The 43-year-old male donor with ultrasound abnormalities had undergone screening angiography before the explantation of his heart; this is a procedure that is routinely performed in all potential donors over 40 years old. His coronaries were angiographically normal in the pretransplant study and had a similar appearance to the posttransplant study. The other three donors also had completely normal coronary arteriograms performed at the time of their ultrasound studies. The abnormal 29-year-old donor heart came from an obese inactive man who had smoked two packs of cigarettes per day since the age of 9 years. Intracoronary ultrasound evaluation of his angiographically normal LAD demonstrated multiple areas of discrete intimal proliferation up to 700-,um thick (Figure 3 ). The risk factors of the 20 donors who did not demonstrate focal intimal thickening are presented in Table 1 .
Gross examination of the coronary arteries from the two subjects who died within 37 days of their ultrasound studies revealed no significant fatty streaks, atheromatous plaques, or evidence of early coronary artery disease. The donor age of these hearts was 28 years and 37 years. Microscopic measurements from two sites in the nonpressure-fixed proximal LAD revealed a mean intimal layer of 123 gm with a range from 70 to 190 gm and 145 ,m with a range from 60 to 210 gm. The mean ultrasound measurements of intimal thickness at these sites were 67 gim with a range from 0 to 200 gm and 120 gm with a range from 0 to 200 gim. (Figure 4 ).
The measurements performed on the ultrasound images to assess interobserver variability demonstrated good reproducibility. The interobserver variability for the intimal index was 9% (r=0.87), and the intraobserver variability was 7% (r=0.86).
The endomyocardial biopsy specimens obtained at the time of the ultrasound studies revealed evidence of cardiac rejection in five of the 24 patients. There was no significant increase in the thickness of the intima in the subjects with rejection. Duration of ischemia occurring at the time of transplantation also did not correlate significantly with the ultrasound-measured mean intimal thickness ( Table 1 ).
Discussion
Accelerated graft coronary disease is a major cause of morbidity and mortality in cardiac transplant recipients.'9,20 At Stanford University Medical Center, coronary artery disease accounts for 23% of deaths in patients who live longer than 1 year and 60% of retransplantation procedures. 21, 22 This vascular disease may present with dramatic clinical sequelae and often progresses rapidly. Because the cardiac allograft remains functionally denervated, transplant recipients typically do not experience discomfort of angina pectoris. Annual surveillance coronary arteriograms, including a baseline study before posttransplantation hospital discharge, have thus been performed at Stanford since shortly after the transplant program was initiated. The baseline studies early after transplantation provide the opportunity to observe intracoronary ultrasound images in young hearts that are putatively normal.
This study examined 25 young adult hearts with the goal of providing the intravascular ultrasound definition of a normal coronary artery image. Intracoronary ultrasound showed in this patient group a wide variation in the thickness of the coronary artery intimal layer as well as isolated examples of coronary morphology that were suggestive of early atheromatous disease.
Original publications on the intravascular ultrasound appearance of normal muscular vessels showed the wall as having three visible discrete layers: a hyperechoic intima and internal elastic lamina, a dark hypoechoic band representing the homogenous smooth muscle of the media, and the echodense adventitia.9"-13 These studies were initially performed in peripheral vessels of elderly patients and then in coronary arteries of patients with suspected or proven coronary artery disease. Our results suggest that in these earlier reports the intima probably was thickened such that there were discrete layers with visible boundaries on the ultrasound image. Pathology investigations, including the Korean War and Vietnam War studies, have demonstrated a wide prevalence of coronary atherosclerosis in young adult populations."123 Velican and Velican24 performed a pathol-ogy study showing that coronary intimal thickness progresses with age, which ranged from unmeasurable in neonates to a mean of 253 gm in men aged 36-40 years ( Table 2 ). In their study, the range of intimal thickness in men up to 30 years old was below 150 ,um, which is the reported axial resolution of a 30-MHz mechanical intracoronary ultrasound catheter. 25 In the present study, no donor heart under the age of 25 years had ultrasound evidence of layering of the coronary artery vessel wall. Previous in vitro intravascular ultrasound studies in normal vessels have demonstrated a three-layered appearance even with a single-cell-layer thick intima. 26, 27 The proposed explanation for the intense echo reflection is that it is caused by the internal elastic membrane. 26, 27 In vitro, this could be true as the internal elastic membrane may be corrugated. The lack of layering in the young donor hearts in the present in vivo evaluation suggests that, at least with the mechanical ultrasound system used in this study, layering cannot be appreciated despite a presumably intact internal elastic lamina. Advances in ultrasound technology or other presently available ultrasound systems may offer improved resolution. Progressive intimal thickening with age therefore probably explains the appearance of visible layers in the majority of donors over age 25
examined in this study. The lack, or minimal amount, of discrete layering of the vessel walls is the intravascular ultrasound appearance of young, morphologically normal, coronary arteries. Although accelerated graft coronary disease is an aggressive process in the transplant population, histologically or ultrasonically it probably will not be present within the first two months after transplantation and thus probably does not play a significant role in the measurements and morphological observations made in this study. Acute rejection could interfere with wall measurements by producing vascular tissue edema. Regression analysis did not demonstrate presence of rejection as a contributing factor.
The five subjects demonstrating intracoronary ultrasound evidence of focal, marked intimal thickening, and echo-dense abnormalities each had cardiac risk factors for early coronary disease. Pathology/ultrasound correlation studies have shown vessels with similar ultrasound appearances to have fibrous and/or calcified atheromatous lesions,10 which confirms that despite angiographically normal appearing vessels, intravascular ultrasound is able to demonstrate early morphological evidence of coronary artery disease.
Eighteen of the study subjects had ultrasonic imaging of only the LAD. Subjects in this group may have had isolated disease in the circumflex or right coronary artery that were missed. When accelerated intimal thickening does occur, it typically presents in all three major coronary vessels.28 This is supported by the finding of focal intimal proliferation in the circumflex and right coronaries in three of the subjects in this study who had ultrasound evidence of LAD intimal thickening.
In the two patients who died within 37 days of their ultrasound studies, microscopic measurements of the non-pressure-fixed LAD revealed intimal layers thicker than the 150-pum resolution of the ultrasound catheter.
In each case, an intima was evident on the in vivo ultrasound study in the corresponding location. The pathology and ultrasound measurements were similar, and pathology examination confirmed a wide range of intimal thickness within each cross section. It is not surprising that the mean intimal thickness measurements on pathology specimens are slightly larger than those derived by ultrasound as there were areas around the diameter of the lumen on the ultrasound images with a homogenous wall and a nonmeasureable intima. from corresponding sites is also possibly caused by the increase in vessel wall thickness that occurs in nondistended pathology specimens. The microscopic measurements of intimal thickness, in comparison to previous pathology data, were not excessive for the donor heart's age. 24 The reproducibility of intravascular ultrasound for measuring thickness of the intimal layer has been previously reported and is good with an interobserver variability, expressed as a percent error, of 5.6% and a correlation coefficient of 0.98. 15, 16 This study has greater variability probably because defining and measuring wall layers in these young minimally or nondiseased vessels is significantly more difficult than in older diseased arteries.
In the present study, an index of intimal thickening was used as a quantitative measurement of intimal proliferation. Although this may be a useful marker for serial studies, it has potential limitations by not differentiating between significant focal eccentric intimal proliferation and mild concentric thickening. A recently published classification of intimal thickening, based on the degree of vessel circumference involved and absolute thickness, may help to overcome this limitation.16
Conclusions
Intravascular ultrasound successfully images coronary artery abnormalities before there is angiographic evidence of atherosclerotic disease. In young morphologically normal hearts, the intimal and medial layers are often thin and below the resolution capability of the ultrasound imaging system used in this study. With advancing age, physiological intimal and medial thickening leads to a three-layered ultrasound appearance of the vessel wall. This study confirms that young adults have a range of coronary intimal proliferation. Twentyfive young, angiographically normal hearts, which had undergone rigorous screening to becoming transplant donors, had a broad range of ultrasound-measured intimal thickness, and five had ultrasound evidence of focal early atheromatous changes. This confirms pathology studies by showing, in vivo, coronary atheromatous changes in a young adult population in the 1990s. Intravascular ultrasound may be a useful and effective tool for detection of early coronary artery disease and is a possible screening method for coronary atherosclerosis in select groups, which includes potential heart donors.
Addendum
Since original submission of the manuscript we have studied sixteen more patients, thus increasing our population to 41 patients. Five more hearts showed evidence of focal intimal thickening for a total of 10 of 41 patients (24%). The donors of these five hearts were all over 32 years old (32, 36, 42, 43, and 45 years), and all had at least one risk factor for coronary disease (three were smokers, one had hypertension, and one had family history of coronary heart disease). These findings in these additional patients confirm our findings reported in the present study.
